Absence of host tumor necrosis factor receptor 1 attenuates manifestations of idiopathic pneumonia syndrome.
-The interaction of TNF-␣ with TNF receptor 1 (TNFR1) activates several signal transduction pathways that lead to apoptosis or NF-B-dependent inflammation and immunity. We hypothesized that host TNFR1 expression contributes to noninfectious lung injury and inflammation commonly observed after bone marrow transplantation (BMT), termed idiopathic pneumonia syndrome (IPS). C57BL/6 TNFR1-sufficient (TNFR1 ϩ/ϩ ) and -deficient (TNFR1 Ϫ/Ϫ ) mice were total body irradiated with or without cyclophosphamide conditioning and were given bone marrow plus IPS-inducing donor spleen T cells from B10.BR wild-type mice. TNFR1 Ϫ/Ϫ recipient mice exhibited improved early post-BMT survival associated with decreased permeability edema. In addition, the low lung compliance measured in anesthetized, ventilated TNFR1 ϩ/ϩ mice on day 7 after BMT was restored to baseline during TNFR1 deficiency. Importantly, bronchoalveolar lavage fluid (BALF) inflammatory cells from TNFR1 Ϫ/Ϫ vs. TNFR1 ϩ/ϩ mice generated less nitric oxide (⅐NO) and nitrating species and exhibited suppressed programmed cell death as assessed using flow cytometry. However, cellular infiltration and levels of proinflammatory cytokines and chemokines were generally higher in BALF collected on day 7 after BMT from TNFR1 Ϫ/Ϫ compared with TNFR1 ϩ/ϩ recipient mice. Our results support a major role of host TNFR1 in regulation of ⅐NO production and lung dysfunction after allogeneic BMT. cytokines; nitric oxide; peroxynitrite; apoptosis; bone marrow transplantation IDIOPATHIC PNEUMONIA SYNDROME (IPS), formerly known as interstitial pneumonitis, accounts for up to 40% of non-graft-vs.-host disease (GVHD) deaths in allogeneic bone marrow transplantation (BMT) patients (7, 13) . The median time to IPS onset is 35 days after marrow transplant, and case fatality rate exceeds 70% (11) . Although the IPS risk has been shown to be related to the intensity of the conditioning regimen and the severity of GVHD, the pathophysiological mechanisms responsible for generating IPS are incompletely understood. Recent evidence from several laboratories indicates that IPS is a net result of conditioning-induced tissue injury, cellular recruitment, and immune activation (4, 8, 9, 25, 29) .
Tumor necrosis factor (TNF)-␣ is a multifunctional cytokine implicated in IPS pathogenesis. TNF-␣ can contribute to IPS injury via effects on both the afferent T-cell activation phase (1) and the efferent tissue injury phase (27) . Neutralization of TNF-␣ has been shown to be an effective treatment in preclinical models of IPS (10) and, perhaps, in humans (35) . Possible sources of early post-BMT TNF-␣ generation in the lungs include host monocytes/macrophages and epithelial cells and allogeneic donor T cells. The importance of lung-infiltrating donor T cell-derived TNF-␣ was recently shown by Hildebrandt et al. (17) , who demonstrated significantly reduced IPS severity in recipient mice given allogeneic T cells from TNF-␣ Ϫ/Ϫ mice, whereas utilization of TNF-␣ Ϫ/Ϫ mice as BMT recipients had no effect on IPS assessed by a histopathological injury score.
TNF-␣ binds two TNF receptors (TNFR). TNFR1 and TNFR2 are structurally related but functionally distinct receptors expressed on the surface of most cell types, with the exception of erythroid and unstimulated T cells (30) . The interaction of TNF-␣ with TNFR1 activates the caspase pathway, leading to programmed cell death, or activates nuclear factor (NF)-B, leading to gene expression of inflammatory mediators including inducible nitric oxide synthase (iNOS) (3, 6) . In the presence of superoxide, iNOS-derived nitric oxide (⅐NO) may lead to the formation of peroxynitrite, a potent oxidant and nitrating agent that has been implicated in IPS injury (16) .
In our murine IPS model, lung dysfunction and inflammation and iNOS induction in irradiated mice are dependent on infusion of allogeneic spleen T cells. The addition of cyclophosphamide (Cy) at clinically relevant doses (120 mg⅐kg Ϫ1 ⅐day Ϫ1 on days Ϫ3 and Ϫ2) significantly (P Ͻ 0.0001) accelerated mortality and enhanced lung injury compared with total body irradiated (TBI) mice given inflammation-causing donor T cells without Cy (26, 32) . Similarly, in a model of GVHD in TBI mice, Cy enhanced GVHD-induced death, possibly by promoting LPS translocation in the gastrointestinal tract (19) . Neutralization of TNF-␣ with the use of recombinant human TNFR:Fc, a bivalent soluble form of the TNFR bound to the heavy portion of human immunoglobulin molecule, was effective in preventing GVHD death in TBI but not Cy/TBI mice (19) . Whether similar differential effects of conditioning regimen occur during interruption of TNF signaling in IPS is currently unknown.
The purpose of this study was to determine the role of TNFR1 on markers of lung dysfunction and inflammation in recipient mice conditioned with TBI Ϯ Cy and infused with wild-type allogeneic spleen T cells. We also were interested in determining whether TNF-␣ binding to TNFR2 might compen-sate for TNFR1 deficiency. We hypothesized that TNFR1 Ϫ/Ϫ mice exhibit decreased IPS injury and improved survival after allogeneic BMT. Indeed, our results show attenuation in IPS injury during TNFR1 deficiency that was associated with decreased levels of ⅐NO and nitrative stress, consistent with an important role of host TNFR1 in ⅐NO generation in vivo. However, lung cellular infiltration and levels of some proinflammatory cytokines and chemokines were higher in TNFR1 Ϫ/Ϫ vs. TNFR1 ϩ/ϩ recipient mice at least in part because of suppressed apoptosis of inflammatory cells during TNFR1 deficiency.
MATERIALS AND METHODS
Mice. B10.BR (H-2 K ), C57BL/6J (B6, H-2 b ), and TNFR1 Ϫ/Ϫ mice (backcrossed Ͼ10 generations to C57BL/6 mice) were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were housed in microisolator cages in the specific pathogen-free facility of the University of Minnesota (Minneapolis, MN) and cared for according to the Research Animal Resources guidelines of our institution. For BMT, donors were 6 -8 wk of age and recipients were used at 8 -10 wk of age. Sentinel mice were found to be negative for 15 known murine viruses including cytomegalovirus, K-virus, parvovirus, and pneumonia virus of mice.
BMT protocol. Our BMT protocol has been described previously (34) . Briefly, on the day before BMT, C57BL/6 wild-type and TNFR1
Ϫ/Ϫ knockout mice were lethally total body irradiated (TBI; 7.5 Gy) by X-ray at a dose rate of 0.41 Gy/min. Donor B10.BR bone marrow (BM) was T cell depleted (TCD) with anti-Thy 1. Pulmonary function analysis. Pulmonary mechanics in pentobarbital sodium-anesthetized, ventilated mice were measured according to the method described by Diamond and O'Donnell (12) , with slight modifications. Briefly, after careful dissection of the neck, a short metal cannula was inserted into the trachea and secured with 3.0 silk. A polyethylene catheter was inserted orally into the lower third of the esophagus to estimate pleural pressure. The animal was then placed into a plethysmograph (Buxco Electronics, Sharon, CT) and connected to a mouse ventilator (Harvard Apparatus, March-Hugstetten, Germany) set at a respiratory rate of 150 breaths/min and a tidal volume of 200 l. Respiratory flow signal was measured through a flow transducer (Sen Sym SCXL004; Buxco Electronics) connected to the plethysmograph. Lung volume was obtained via electric integration of the flow signal. Intraesophageal and airway pressure was measured with a pressure transducer (Validyne DP45; Buxco Electronics) directly connected to their respective ports. These data were fed into a computer through a preamplifier (MaxII; Buxco Electronics), and the data were analyzed using the Biosystem XA software (Buxco Electronics). When the signal was stable, delivered tidal volume was varied from 350 to 100 l in 50-l decrements, and for each delivered volume, the effective tidal volume, transpulmonary pressure, and dynamic compliance were measured. Body temperature was maintained at 37°C throughout the experiment. Volume-pressure plots were constructed for each treatment group.
Bronchoalveolar lavage. Mice were killed on day 7 after BMT after an intraperitoneal injection of pentobarbital sodium, and the thoracic cavity was partially dissected. The trachea was cannulated with a 22-gauge angiocatheter, infused with 1 ml of ice-cold sterile PBS, and withdrawn. This was repeated once, and return fluids were combined. Bronchoalveolar lavage fluid (BALF) cell and blood cell counts were determined using a Coulter counter (model ZF; Miami, FL) after lysis of red blood cells by Zap-Oglobin II lytic reagent (Coulter). BALF was immediately centrifuged at 500 g for 10 min at 4°C to pellet cells. The initial 1.5 ml of BALF from each individual mouse was used for biochemical analysis. BALF cell pellets from each group of mice were combined, and the cell differential was determined in samples cytospun onto glass slides and stained with Wright-Geimsa.
BALF analysis. Cell-free BALF TNF-␣, IFN-␥, monocyte chemoattractant protein-1 (MCP-1), and macrophage inflammatory protein (MIP)-1␣ levels were determined by performing sandwich ELISA using murine-specific commercial kits (sensitivity 1.5-3 pg/ ml; R&D Systems, Minneapolis, MN). Nitrite in BALF was measured according to the Greiss method after the conversion of nitrate to nitrite with the reduced NADH-dependent enzyme nitrate reductase (Calbiochem, La Jolla, CA). BALF total protein was determined using the bicinchoninic acid (Sigma, St. Louis, MO) method with bovine serum albumin as the standard.
Macrophage/monocyte culture. The BALF cell pellets from each treatment group were combined, washed twice, and resuspended in RPMI 1640 medium containing 5% fetal calf serum, penicillin (100 U/ ml), and streptomycin (100 g/ml). Total cell number was determined with a hemocytometer, and cell viability was assessed by Trypan blue exclusion. A total of 2 ϫ 10 5 total cells/well was added to the bottoms of flat 96-well microtiter plates, and macrophages were allowed to adhere for 1 h at 37°C in 5% CO2 in air, after which unbound cells were removed. The cells were maintained in culture at 37°C for 48 h in 5% CO2 in air. At the termination of cell culture, supernatants were aspirated from individual culture wells for measurement of nitrite by using the Greiss reaction.
Nitrative stress in BALF cells. BALF cells were cytospun onto glass slides and permeabilized and fixed with methanol at Ϫ20°C for 7 min. Endogenous peroxidase activity was quenched by treatment with 0.3% H2O2 in cold methanol for 30 min followed by three washes with PBS. Nonspecific binding was blocked with 10% goat serum for 30 min. The primary antibody, polyclonal rabbit antinitrotyrosine antibody (NTAb; Upstate Biotechnology, Lake Placid, NY), at 0.01 mg/ml in 10% goat serum and 2% BSA in PBS was applied to the cells for 30 min. Control measurements included rabbit IgG (Upstate Biotechnology) and NTAb in the presence of excess nitrotyrosine (10 mM; NT block). For visualization of specific NTAb binding, cells were incubated with secondary antibody, goat antirabbit IgG conjugated with horseradish peroxidase (1:500 dilution), followed by the addition of 3,3Ј-diaminobenzidine (DAB; Vector Laboratories, Burlingame, CA) chromogenic substrate. The sections were counterstained with hematoxylin, dehydrated, overlaid with Permount (Sigma), and sealed with coverslips. Cells were considered nitrotyrosine-positive on the basis of the presence of the brown reaction product in the cell cytoplasm.
Immunohistochemistry. In two mice per group, a mixture of 1 ml of optimal cutting temperature medium (OCT; Miles Laboratories, Elkhart, IN)-PBS (3:1) was infused in the trachea without performing the lavage procedure. The lung was snap frozen in liquid nitrogen and stored at Ϫ80°C. Alternatively, lungs from two mice per group were fixed in 4% paraformaldehyde and stored in paraffin. Deparaffinized or frozen lung sections were cut 4 m thick and mounted onto glass slides, and frozen sections were fixed for 5 min in acetone. After a blocking step in 10% normal horse serum (Sigma), sections were incubated for 30 min at 23°C with the following biotinylated monoclonal antibodies (PharMingen, San Diego, CA): anti-Mac-1 (clone M1/70), anti B7.1 (clone 1G10), anti-B7.2 (clone GL1), and anti-CD3 (clone F500A2). Immunoperoxidase staining was performed using avidin-biotin blocking reagents: peroxidase-conjugated avidin-biotin complex and DAB chromogenic substrate (Vector Laboratories). The number of positive Mac-1, B7.1, B7.2, and CD3 cells in the lung were quantitated as the percentage of nucleated cells at a magnification ϫ200 (ϫ20 objective lens). Four fields per lung were evaluated.
Detection of apoptosis. On day 7 after BMT, BALF cells from each group of mice were diluted to a concentration of 1-2 ϫ 10 6 cells/ml using annexin V binding buffer. Cells were double stained with annexin V-fluorescein isothiocyanate (FITC; BD PharMingen, San Diego, CA) and propidium iodide (PI) according to the manufacturer's instructions. Annexin V recognizes phosphatidylserine on the outer surface of cell membranes. This translocation of phosphatidylserine from the inner to the outer surface of cell membranes occurs during early/intermediate stages of apoptosis. Staining with PI was used to simultaneously monitor cell necrosis. Analysis of cell fluorescence intensity was performed with a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA), using CellQuest applications (BD Biosciences) with a total of 10,000 events counted.
Statistical analysis. Results are expressed as means Ϯ SE. Data were analyzed using ANOVA or Student's t-test. Statistical differences among group means were determined using Tukey's Studentized test. A comparison of survival curves between the different groups was made using the log-rank test. For all analyses performed, a type I error probability of 0.05 was used as the cutoff for statistical significance.
RESULTS

Suppressed IPS injury and mortality in TNFR1
Ϫ/Ϫ recipient mice. Our previously obtained data indicate that addition of Cy to conditioning regimen increases lung dysfunction and accelerates mortality after allogeneic BMT (26) . Lung dysfunction was assessed on day 7 after BMT in TBI and Cy/TBI TNFR1 ϩ/ϩ and TNFR1 Ϫ/Ϫ mice given allogeneic spleen T cells (BMS and BMSϩCy, respectively) by performing pulmonary function analysis in anesthetized, ventilated mice and measuring BALF total protein levels. This time point was chosen because it represents peak donor T cell-dependent inflammation and activation of host monocytes/macrophages implicated in IPS pathogenesis and outcome (5) . Lung compliance values at a tidal volume of 200 l in control (nonirradiated and nontransplanted) TNFR1
ϩ/ϩ and TNFR1 Ϫ/Ϫ mice were similar. After allogeneic BMT, lung compliance was decreased in BMS and BMSϩCy TNFR1 ϩ/ϩ mice, consistent with development of IPS injury following irradiation, Cy, and allogeneity (Fig. 1) . In contrast, lung compliance in BMS and BMSϩCy TNFR1 Ϫ/Ϫ mice was restored toward baseline with values not significantly different from those of non-BMT control mice.
BALF return volumes collected on day 7 after BMT were similar in all groups (Ͼ90% of instilled volume). BALF levels of total protein in untreated control TNFR1 ϩ/ϩ and TNFR1
were not different (Ͻ0.2 mg/ml). After BMT, BALF total protein levels increased in BMS and BMSϩCy TNFR1 ϩ/ϩ mice. Together, these data indicate that the absence of TNFR1 is associated with attenuated manifestations of IPS injury in both TBI and TBI/Cy mice after allogeneic BMT.
The impact of TNFR1 absence on early mortality during severe IPS in BMSϩCy mice was evaluated. As shown in Fig.  2 , BMSϩCy TNFR1 Ϫ/Ϫ mice exhibited improved 8-day survival compared with BMSϩCy TNFR1 ϩ/ϩ mice (P ϭ 0.02). Ϫ/Ϫ (open bars) recipient mice were lethally irradiated (7.5 Gy) on day Ϫ1 and infused on day 0 with B10.BR bone marrow with 15 ϫ 10 6 donor spleen inflammation-inducing T cells (bone marrow ϩ spleen; BMS). In additional experiments, irradiated mice were also conditioned with Cy (120 mg ⅐ kg Ϫ1 ⅐ day Ϫ1 on days Ϫ3 and Ϫ2; BMSϩCy). Dynamic lung compliance was measured on day 7 after BMT in anesthetized mice placed in a single-chamber plethysmograph and connected to a mouse ventilator set at a respiratory rate of 150 breaths/min. Lung compliance was measured at a delivered tidal volume of 200 l. Transpulmonary pressure was calculated using airway and intraesophogeal pressures. Control (C) mice were nonirradiated and nontransplanted. Data are means Ϯ SE representing a total of 5 mice in each experimental group from 2 independent experiments. *P Ͻ 0.05 compared with control mice. Lung compliance was improved in TNFR1 Ϫ/Ϫ compared with TNFR1 ϩ/ϩ mice (ϩP Ͻ 0.05) after allogeneic BMT. 
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Suppressed production of ⅐NO and nitrotyrosine in TNFR1
Ϫ/Ϫ mice. TNFR1 has been shown to induce iNOSderived ⅐NO generation in alveolar macrophages (21) . Because reactive oxygen and nitrogen species are implicated in IPS pathogenesis (16), we expected to observe suppressed levels of reactive nitrogen species after allogeneic BMT in mice lacking TNFR1. Indeed, on day 7 after BMT, BALF from BMS and BMSϩCy TNFR1
Ϫ/Ϫ mice contained less nitrite plus nitrate, the stable by-products of ⅐NO, compared with similarly treated TNFR1 ϩ/ϩ mice (Fig. 3A) . In addition, macrophages from BMSϩCy TNFR1 Ϫ/Ϫ mice generated less nitrite compared with cells from BMSϩCy TNFR ϩ/ϩ mice (Fig. 3B) . Intracellular nitrative stress by macrophages/monocytes from control and BMSϩCy mice was assessed by detection of antigenic sites related to nitrotyrosine. Nitration of monocytes/macrophages obtained from TNFR1 Ϫ/Ϫ vs. TNFR1 ϩ/ϩ BMT mice was decreased (Fig. 4) . Nitration was specific, because staining was completely blocked in the presence of excess antigen, 10 mM nitrotyrosine. Cells from non-BMT TNFR1 Ϫ/Ϫ mice exhibited baseline levels of staining (data not shown).
Persistent generation of proinflammatory cytokines and chemokines in TNFR1
Ϫ/Ϫ mice after allogeneic BMT. Despite suppressed ⅐NO generation in TBI and TBI/Cy mice infused with donor spleen T cells from wild-type mice, the BALF levels of the proinflammatory cytokines TNF-␣ and IFN-␥ and the monocyte and T-cell chemoattractants MCP-1 and MIP-1␣ were generally higher in TNFR1 Ϫ/Ϫ compared with TNFR1 ϩ/ϩ mice on day 7 after allogeneic BMT (Fig. 5) . Furthermore, BALF cellular infiltration was increased in TNFR1 Ϫ/Ϫ vs. TNFR1 ϩ/ϩ BMS mice (5.41 Ϯ 0.32 ϫ 10 4 vs. 3.12 Ϯ 0.25 total cells/ml, respectively, n ϭ 7; P Ͻ 0.05) and in TNFR1 Ϫ/Ϫ vs. TNFR1 ϩ/ϩ BMSϩCy mice (7.38 Ϯ 0.94 ϫ 10 4 vs. 4.02 Ϯ 0.34 total cells/ml, respectively, n ϭ 7; P Ͻ 0.05). However, Fig. 2 
. Enhanced survival in TNFR1
Ϫ/Ϫ mice during severe idiopathic pneumonia syndrome (IPS) injury. To cause severe IPS, B6 TNFR1 ϩ/ϩ (OE) and TNFR1 Ϫ/Ϫ (‚) mice were total body irradiated and given Cy, followed by an infusion of a uniformally lethal dose of fully disparate B10.BR donor spleen T cells (15 ϫ 10 6 cells) on day 7 of BMT (BMSϩCy). Early survival assessed on day 8 after BMT was improved in TNFR1
Ϫ/Ϫ compared with TNFR1
ϩ/ϩ mice (*P ϭ 0.02; n ϭ 15 mice/group). Open circles represent non-BMT control TNFR1 mice. Ϫ/Ϫ (open bars) B6 mice without (BMS) or with Cy conditioning (BMSϩCy) were given bone marrow plus donor spleen T cells. A: nitrite levels in cell-free BALF collected on day 7 after BMT. Nitrite was measured using the Greiss reaction after nitrate was converted to nitrite with the use of the NADH-dependent enzyme nitrate reductase. Data are means Ϯ SE for 10 -12 mice per group from 2 separate experiments. B: nitrite levels in cell-free supernatant of cultured alveolar macrophages/monocytes. BALF cells (2 ϫ 10 5 ) were added to the bottom of 96-well plates, and macrophages/monocytes were allowed to adhere for 1 h at 37°C, followed by removal of unbound cells. Macrophages were cultured in RPMI 1640 medium containing 5% FCS for 48 h. Spontaneous nitrite production in the cell-free supernatant was measured using the Greiss reaction. Data for macrophages from 3-5 animals in each group per time point per experiment were pooled. Two experiments were performed with similar results. *P Ͻ 0.05 compared with control mice. Generation of ⅐NO was suppressed in TNFR1
ϩ/ϩ mice (ϩP Ͻ 0.05) after allogeneic BMT. on day 7 after allogeneic BMT, BALF cell differential was not significantly modified during the absence of TNFR1 (30 -40% T cells, 50 -60% alveolar macrophages and monocytes, and 1-10% neutrophils and other cell types in both TNFR1 ϩ/ϩ or TNFR1 Ϫ/Ϫ BMS and BMSϩCy mice). Increased cellularity in BALF from TNFR1 Ϫ/Ϫ recipient mice was not due to an increased number of inflammatory cells in peripheral blood (0.9 Ϯ 0.4 ϫ 10 6 cells/ml in TNFR1 Ϫ/Ϫ and 1.1 Ϯ 0.2 ϫ 10 6 cells/ml in TNFR1 ϩ/ϩ BMSϩCy mice, n ϭ 5; P Ͼ 0.05). In addition, on day 7 after allogeneic BMT, the numbers of Mac-1-and CD3-positive cells in lung sections from TNFR1 Ϫ/Ϫ were the same as or higher compared with those in TNFR1 ϩ/ϩ mice (Fig. 6) , consistent with persistent monocytic and lymphocytic lung infiltration during TNFR1 deficiency. Similarly, the activation states of lung monocytes and dendritic cells assessed by the expression of B7.1 and B7.2 costimulatory molecules in lung sections collected from TNFR1 Ϫ/Ϫ and TNFR1 ϩ/ϩ BMS mice were not different (data not shown).
Collectively, these data indicate persistent lung cellular infiltration and activation in mice lacking TNFR1 after allogeneic BMT.
Suppressed apoptosis of BALF cells from TNFR1
Ϫ/Ϫ mice after BMT. Upon ligand binding, TNFR1 trimerizes and recruits death domain proteins, leading to activation of a caspase cascade and apoptosis. Therefore, we hypothesized that suppressed apoptosis of lung infiltrating inflammatory cells may represent one mechanism for persistent cellular infiltration and increased generation of inflammatory mediators in TNFR1 Ϫ/Ϫ mice after BMT. Apoptosis/necrosis of BALF cells obtained on day 7 after allogeneic BMT was determined by performing flow cytometry after double staining the cells with annexin V antibody and PI. Apoptosis levels in BALF cells from unmanipulated control TNFR1
Ϫ/Ϫ and TNFR1 ϩ/ϩ mice were not different (Fig. 7) . Exposure to irradiation, conditioning drugs, and allogeneity increased apoptosis and necrosis in BALF cells from BMS and BMSϩCy B6 mice. In BMS mice, the percentage of annexin V-positive cells decreased from 85 Ϯ 6% in TNFR1 ϩ/ϩ to 64 Ϯ 8% in TNFR1 Ϫ/Ϫ mice (n ϭ 2; P Ͻ 0.05) (Fig. 7A) . In BMSϩCy mice, annexin V mean fluorescence intensity decreased from 421 Ϯ 36 in cells from TNFR1 ϩ/ϩ to 231 Ϯ 45 in cells from TNFR1 Ϫ/Ϫ mice (n ϭ 2; P Ͻ 0.05) (Fig. 7B) . These data are consistent with an important role of TNFR1 in the apoptosis of inflammatory cells after allogeneic BMT.
DISCUSSION
In these studies, we investigated the role of host TNFR1 in TBI or Cy/TBI B6 mice infused with spleen T cells from TNFR1 ϩ/ϩ major histocompatibility complex (MHC)-mismatched B10.BR donor mice. The main findings are that TNFR1 Ϫ/Ϫ recipient mice exhibit attenuated manifestations of IPS injury and enhanced early post-BMT survival compared with wild-type mice despite persistent lung cellular infiltration. Suppressed lung dysfunction during host TNFR1 deficiency was associated with decreased generation of reactive nitrogen species and occurred in the presence of high levels of the proinflammatory cytokines TNF-␣ and IFN-␥ and the chemoattractants MCP-1 and MIP-1␣. These results support an important role of host TNFR1 in the development of IPS injury.
There are several potential reasons for persistent cellular infiltration and lung inflammation in TNFR1 Ϫ/Ϫ mice after allogeneic BMT. TNFR1 activation is a potent signal for programmed cell death or apoptosis of inflammatory cells (14) . Exposure to irradiation, conditioning drugs, and allogeneity during the course of BMT enhances cellular apoptosis in the lungs. Impaired transplant-related apoptosis during TNFR1 deficiency will decrease clearance of inflammatory cells, thus increasing their number in the lung. Indeed, our results show that BALF from TNFR1 Ϫ/Ϫ mice collected on day 7 after BMT contained significantly higher numbers of cells that exhibited decreased annexin V staining compared with TNFR1 ϩ/ϩ mice, indicative of impaired apoptosis. Another and perhaps more important reason for persistent inflammation in TNFR1
Ϫ/Ϫ mice is the presence of TNFR1 on the donor spleen T cells that were infused during BMT. Stimulated T cells express TNFR1, which acts as an autocrine growth factor for T cells, leading to clonal expansion and cytokine production. The importance of donor T cell TNFR1 was demonstrated by Hill et al. (20) , who reported that T cells lacking TNFR1 have impaired responses to alloantigen in vitro, including reduced proliferation, type 1 cytokine production, and cytolytic function. In vivo, T cells lacking TNFR1 have reduced capacity to induce GVHD and IPS (17, 20) . In our BMT experiments, donor T cells from TNFR1 ϩ/ϩ B10.BR mice were infused into TNFR1 Ϫ/Ϫ B6 mice. The full MHC incompatibility between donor T cells and host tissues causes severe T cell alloactivation and the generation of large amounts of proinflammatory cytokines and chemokines, including TNF-␣, IFN-␥, MCP-1, and MIP-1␣.
Our results indicate that donor T cells are efficiently recruited and activated in the lungs of TNFR1 Ϫ/Ϫ mice, yet they are less effective in causing IPS injury and mortality. A main pathway by which TNFR1 stimulates effector and cytotoxic functions is induction of iNOS and generation of high levels of iNOS-derived ⅐NO (28) . ⅐NO can rapidly react with superoxide to form potent oxidants and nitrating species (15, 33) . Therefore, we reasoned and have shown that TNFR1 Ϫ/Ϫ recipient mice exhibit suppressed ⅐NO and nitrotyrosine associated with attenuated manifestations of IPS injury. Consistent with our data are reports showing dependence of macrophage-derived ⅐NO generation on TNFR1 (21) and decreased ⅐NO levels associated with prevention of endotoxemia-related injuries in rats treated with TNF-␣-neutralizing antibodies (31) or in mice lacking TNFR1 receptors (22) . Because we have previously shown that BALF collected on day 7 after BMT from iNOS Ϫ/Ϫ mice given iNOS ϩ/ϩ donor BM plus donor spleen T cells contained undetectable levels of ⅐NO (33), we reasoned that the source of ⅐NO generated after BMT in the current study was of host cell and not donor cell origin. Although our studies implicate ⅐NO as an important mediator responsible for endproduct toxicity after allogeneic transplantation, there are likely other TNFR1-dependent inflammatory mediators that contribute to IPS injury (24) .
The addition of Cy to TBI exaggerated T cell-dependent inflammatory responses and IPS injury assessed on day 7 after BMT. Both TBI-and Cy/TBI-conditioned TNFR1 Ϫ/Ϫ mice exhibited attenuated manifestations of IPS injury compared with similarly treated TNFR1 ϩ/ϩ mice. In contrast, Hill and colleagues reported that injection of recombinant human TNFR:Fc to suppress TNF-␣ levels prevents GVHD mortality in TBI-(10, 18) but not in Cy/TBI-conditioned mice (19) . One reason offered for the differential effects of TNF-␣ neutralization in TBI vs. Cy/TBI mice was that the type of conditioning regimen may influence the dominant type of cytokine response. For example, exposure to TBI alone induced TNF-␣, whereas Cy/TBI mainly upregulated IL-1 production, the main culprit in gastrointestinal (GI) tract injury during GVHD (2) . Because GI tract injury is a major determinant of GVHD mortality, neutralization of IL-1 but not TNF-␣ enhanced survival in Cy/TBI-conditioned mice (19) . In the lung, however, we reported that Cy facilitated IPS mortality via depletion of glutathione stores and generation of strong oxidants and nitrating species (16, 36) . The absence of TNFR1 would be expected to suppress reactive nitrogen species in both TBI and Cy/TBI mice, which may clarify the reason why interruption of TNF-␣ signaling was independent of conditioning regimen in our study. It is also possible that differences in our acute MHC disparate IPS model and the subacute minor histocompatibility GVHD model of Hill and colleagues may underlie the real reason for the critical role of the type of conditioning regimen on responses following interruption of TNF-␣ signaling.
Targeting TNF-␣ or TNFR1 may represent effective strategies to limit IPS injury and mortality. Preliminary encouraging results obtained with the use of soluble TNFR1 for the treatment of IPS are emerging (35) . Additional advantages of these approaches is suppression of donor T-cell proliferation and direct cytotoxicity as recently demonstrated in a BMT model of decreased lung injury in irradiated mice given donor T cells from TNF-␣ Ϫ/Ϫ mice (17) . However, one potential consequence of suppressed T-cell activation is impaired graft-vs.-leukemia responses that may increase the risk of cancer relapse (19) . In addition, targeting TNF-␣ may increase the risk of opportunistic infections in an already immunocompromised host (23) . Further studies focused on evaluating the efficacy and safety of TNF-␣ inhibition during IPS injury are needed.
In summary, we observed decreased ⅐NO generation and attenuated IPS injury despite persistent cellular infiltration in TNFR1 Ϫ/Ϫ mice given donor T cells from wild-type mice.
These results are consistent with the main physiological functions of TNFR1 on host and donor cells in regulation of cellular apoptosis and immune responses (Fig. 8) . Improved understanding of the biological significance of TNF-␣ and TNFR1 following transplantation will optimize therapeutic strategies to prevent or limit IPS injury.
